The c-jun N-terminal kinase (JNK) proteins are encoded by three genes (Jnk1-3), giving rise to 10 isoforms in the mammalian brain. The differential roles of JNK isoforms in neuronal cell death and development have been noticed in several pathological and physiological contexts. However, the mechanisms underlying the regulation of different JNK isoforms to fulfill their specific roles are poorly understood. Here, we report an isoform-specific regulation of JNK3 by palmitoylation, a posttranslational modification, and the involvement of JNK3 palmitoylation in axonal development and morphogenesis. Two cysteine residues at the COOH-terminus of JNK3 are required for dynamic palmitoylation, which regulates JNK3's distribution on the actin cytoskeleton. Expression of palmitoylation-deficient JNK3 increases axonal branching and the motility of axonal filopodia in cultured hippocampal neurons. The Wnt family member Wnt7a, a known modulator of axonal branching and remodelling, regulates the palmitoylation and distribution of JNK3. Palmitoylation-deficient JNK3 mimics the effect of Wnt7a application on axonal branching, whereas constitutively palmitoylated JNK3 results in reduced axonal branches and blocked Wnt7a induction. Our results demonstrate that protein palmitoylation is a novel mechanism for isoform-specific regulation of JNK3 and suggests a potential role of JNK3 palmitoylation in modulating axonal branching. The c-jun N-terminal kinase (JNK) family consists of JNK1, JNK2 and JNK3 subgroups, which participate in diverse biological and pathological processes.
The c-jun N-terminal kinase (JNK) family consists of JNK1, JNK2 and JNK3 subgroups, which participate in diverse biological and pathological processes. 1, 2 At least 10 JNK isoforms of varied sizes, with most between 46 and 54 kDa, are produced from the Jnk1-3 genes, giving rise to JNK isoforms. 1 In the nervous system, JNKs (particularly isoform JNK3) have been extensively studied as the key players in apoptosis and neurodegeneration. [3] [4] [5] [6] However, accumulating evidence supports a physiological role of JNK in regulating neurite formation and morphogenesis. [7] [8] [9] [10] [11] [12] Pharmacological inhibition of JNK activity blocks axogenesis in hippocampal neurons, arguing for an essential role of JNK in neurite development. 13 Growth factors and signalling molecules, including secreted proteins of the Wnt family, have also been found to activate JNK for remodelling dendrites and axons, a process that relies on cytoskeletal rearrangement. 11, [14] [15] [16] This has led to the identification of several actin-or microtubule-associated proteins as JNK substrates that modulate different aspects of cytoskeletal activity. 17 However, all the 10 JNK isoforms share the same kinase domain and activation mechanism. 17 The differential roles of JNK isoforms in neurite development and the mechanisms underlying isoform-specific regulation are poorly understood.
Analysis of animals null for particular JNK isoforms provides the first evidence to support isoform-specific roles of JNKs in the brain. Mice with Jnk1 À/À show abnormalities in neurite development, 7 whereas mice null for Jnk1 and Jnk2 show embryonic lethality due to severe neurological defects. 18 
Jnk2
À/À mice, but not Jnk1 À/À mice, also show enhanced protection against brain damage in Parkinson's disease models. 4 JNK1 and JNK2 are thus implicated in regulating brain development, as well as neuronal death. In contrast, Jnk3 À/À mice apparently develop normally, but show enhanced resistance to stress-induced neurodegeneration. [3] [4] [5] JNK3 is thus considered as a key regulator of neuronal cell death, rather than that of neuronal development. However, recent studies highlight a physiological role of JNK3 in neuronal differentiation and neurite growth, 10, 12 raising the possibility that each isoform may be differentially regulated to achieve selective functions. An understanding of how JNK isoforms are specifically regulated is essential for elucidating JNK isoform-specific roles in multiple biological processes.
Isoform-selective regulation has been observed in some JNK scaffolding proteins that regulate JNK activity and trafficking. 1 Another potential mechanism may be posttranslational modification. In addition to phosphorylation that activates JNKs, and S-nitrosylation that inhibits JNK activity, little is known about whether JNKs are subjected to other modifications. 2, 19 Protein palmitoylation is one such candidate for modification. It dynamically regulates protein trafficking and functions by reversibly attaching the lipid palmitate to cysteine (Cys) residues. 20, 21 This modification is catalyzed by the family of palmitoyl acyl transferases (PATs) containing 24 members, and is sensitive to protein sequence and structure. 20 Proteins with little sequence variance may differ in palmitoylation sensitivity and specificity, [21] [22] [23] such as glutamate receptor interacting protein 1 isoform a and b, 23 providing a potential way to achieve isoform-specific regulation. Sequence alignment of JNK isoforms indicates that differences exist at the NH 2 -and COOH-termini, potential regions for isoform-specific regulation (Supplementary Figure S1) . Indeed, the NH 2 -terminus of JNK3 has been shown to selectively interact with the scaffolding protein barrestin2. 24 The Cys residues that are likely targets for palmitoylation are located at the COOH-termini of JNK3 and are not found on the p46 isoforms.
In this study, we demonstrate that JNK3 is the predominant isoform that is palmitoylated in neurons. With this isoformspecific regulation, JNK3 is found to have a role in axon branching and filopodia motility, possibly by modulating cytoskeletal components, as palmitoylation affects JNK3 trafficking to the triton-insoluble actin cytoskeletal fraction. This palmitoylation-regulated function of JNK3 responds to Wnt signals and is necessary for Wnt7a-induced axonal branching. Our results demonstrate that palmitoylation is a JNK isoform-specific regulation and suggest that the rapid and dynamic palmitoylation on JNK3 has an essential role in axonal growth and branching during development.
Results
Palmitoylation occurs primarily on a particular JNK3 isoform. After metabolic labelling of cortical neuronal cultures, we detected 3 H-palmitate incorporation into JNK3, which was eliminated by co-incubation with the palmitoylation inhibitor 2-bromopalmitate (2-BrPA) (Figure 1a) . In vitro application of hydroxylamine (HAM), which breaks covalent bonds and releases 3 H-palmitate from the protein, also abolished the signal, confirming that JNK3 is a palmitoylated protein in neurons. A pulse-chase strategy was used to examine the kinetics of palmitoylation on JNK3. We found a highly dynamic cycling of palmitate on JNK3 with a calculated half-life of about 4 h in neurons and in the HEK293 cells expressing GFP-JNK3 (Figure 1b, Supplementary Figure  S2) . To test if JNK3 shows a preference for certain PATs, several neuronal PATs (zD15, zD20 and zD23) with different expression levels in the brain were expressed individually with GFP or GFP-tagged JNK3 in heterologous HEK293 cells. PATs zD15 and zD20 significantly promoted JNK3 palmitoylation ( Figure 1c ). However, introducing zD23 or a zD15 mutant without PAT activity (zD15D) failed to enhance JNK3 palmitoylation (Figures 1c and d) , suggesting that JNK3 may be the substrate of a selective group of PATs in neurons. Among the JNK isoforms with an extended COOHterminus, JNK1 and JNK3, but not JNK2, have two Cys residues located at the end of the terminus (Figure 1d ). 1 We next investigated whether these Cys residues are potential The sequence alignment of the last 15 amino acids at the COOH-termini of JNK p54 isoforms reveals potential Cys residues (bold letters) for palmitoylation. Point-mutation of one or both Cys residues to Ser eliminates JNK3 palmitoylation, in the presence of PAT zD15. PAT activity-deficient zD15 (zD15D) loses the ability to promote JNK3 palmitoylation. (e) Palmitoylation occurs predominantly on the JNK3 isoform. The palmitoylation status of JNK p54 isoforms JNK1a2, JNK2a2 and JNK3a2, overexpressed in HEK293 cells, assessed by Btn-BMCC labelling, are shown and compared with the background (HAM minus). The schematic diagram at the bottom shows that JNK3 is the major isoform that is palmitoylated sites for JNK3 palmitoylation by replacing Cys with Ser. In the presence of PAT zD15, loss of one Cys was enough to abolish JNK3 palmitoylation in HEK293 cells, indicating that both Cys residues of JNK3 are required for normal palmitoylation. This implies that JNK2 with only one Cys residue may not undergo palmitoylation. Indeed, although JNK3 palmitoylation was clearly detected, we were unable to detect JNK2 p54 palmitoylation above the background control, assessed in heterologous cells (Figure 1e ). To our surprise, we also found that JNK1 p54 was not a palmitoylated protein though it has two Cys residues at the COOH-terminus (Figure 1e ). This point is considered further in the discussion section. Thus, JNK3 is the major isoform that is palmitoylated in neurons.
Axonal branching and filopodia motility are regulated by JNK3 palmitoylation. We first suspected that palmitoylation may affect JNK3 phosphorylation under stress conditions. However, similar phosphorylation levels of JNK3 wild type (JNK3 WT) and palmitoylation-deficient JNK3 mutant (JNK3 CS) were observed in heterologous cells challenged with or without osmotic stress (Supplementary Figure S3) , implying that palmitoylation may not be involved in the JNK3-regulated stress response. Recent studies have suggested a physiological role of JNK3 in neuronal differentiation and neurite growth. 10, 12 To study the potential role played by JNK3 palmitoylation in axonal development, we transfected cultured hippocampal neurons with the indicated constructs together with DsRed2 at 5 days in vitro (DIV) for 48 h. DsRed2 expression filled the neuron and was used to track the morphological changes of axons. At 7 DIV, neurons generated long and branched axons that were clearly labelled with both DsRed2 and the axonal marker Tau-1, and several short dendrites around neuronal somata, where only DsRed2 signals were detected (Figure 2a ). Axons from neurons overexpressing JNK3 WT showed similar structures to those of the DsRed2 control. In contrast, overexpressing JNK3 CS significantly promoted axonal complexity, with a marked increase in branch numbers ( Figure 2b , Supplementary Table S1). We quantified axonal branching by measuring the axonal branch number of different branching orders. 25 Neurons overexpressing JNK3 CS showed more branches at all branching orders (secondary, 6.5 ± 0.3, Po0.01; tertiary, 2.7 ± 0.2, Po0.01; higher, 0.4 ± 0.1, Po0.01) and doubled the total branch number, compared with neurons with DsRed2 alone (secondary, 3.3 ± 0.2; tertiary, 0.7 ± 0.1; higher, 0.0 ± 0.0) or JNK3 WT (secondary, 3.8 ± 0.2; tertiary, 0.8 ± 0.2; higher, 0.0 ± 0.0) (Figure 2c ). Moreover, compared with controls, JNK3 CS induced a significant increase in total branch length (Figure 2c ), although the length of the primary axon decreased. To test whether enhanced axonal branching was due to increased formation of filopodia, we assessed the density of axonal filopodia. As shown in Figure 2d , filopodial density measured in neurons overexpressing JNK3 CS did not differ from that in controls. However, time-lapse recording showed that axonal filopodia were more dynamic on extension and retraction in JNK3 CS neurons (Figure 2e ). To directly visualize the dynamics of filopodia, we adopted a protocol to sum up intensity differences of each pixel between successive frames during the period of recording. 26 Compared with controls, axonal filopodia in neurons overexpressing JNK3 CS were shown to display higher motility (Figure 2e ), which was further quantified with a motility index (MI). 26 Palmitoylation regulates JNK3 trafficking to cytoskeleton. Palmitoylation is an essential signal for facilitating protein association with lipid rafts, which act as platforms for signal transduction. JNK has been shown to be recruited to lipid rafts, where it can initiate downstream pathways. 27 We thus examined the role of palmitoylation in lipid raft targeting of JNK3. Lipid rafts are plasma membrane micro-domains rich in cholesterol, which resist extraction with detergents. 28 To isolate lipid rafts, cell lysates treated with Triton X-100 were subjected to Optiprep density-gradient centrifugation. 28 The lipid raft marker caveolin-1 showed an intensity peak at fractions 8 and 9 ( Figure 3a , left panel). Treating cells with methyl-b-cyclodextrin, a drug known for cholesterol depletion and lipid raft destruction, 28 reduced the presence of caveolin-1 at fractions 8 and 9, suggesting the enrichment of lipid rafts in these fractions. The distribution of JNK3 WT and JNK3 CS in fractions 8 and 9 showed no significant difference ( Figure 3a , right panel). Similar results were found with JNK3 WT co-expressed with PAT zD15 to promote JNK3 palmitoylation. Moreover, unpalmitoylated JNK2 p54 was also present in lipid rafts. Hence, palmitoylation does not regulate the lipid raft association of JNK3. Nevertheless, compared with JNK3 WT, an increase of JNK3 CS and a small decrease of JNK3 WT co-expressed with zD15 were detected at fraction 13, the high-density triton-insoluble fraction enriched with actinassociated cytoskeleton. 29 This implies that palmitoylation may affect JNK3's association with the actin cytoskeleton. Signals for actin cytoskeleton modulation are essential for axonal development. 30 To analyze this quantitatively, 29 we isolated the Triton-insoluble actin cytoskeleton fraction from cortical neurons and HEK293 cells expressing GFP-JNK3, followed by detection of JNK3. Consistently, JNK3 was detected in the Triton-insoluble fraction, which was sensitive to the actin depolymerizers cytochalasin D (Cyt.D) or latrunculin A (Lat.A) (Figure 3b ). JNK3 expressed in HEK293 cells was also found to be present in the actin depolymerizer-sensitive Triton-insoluble fraction (data not shown). We next investigated whether palmitoylation affected JNK3's association with the actin cytoskeleton. JNK3 constructs were expressed in HEK293 cells, and a twofold increase of JNK3 CS was detected in the Triton-insoluble fraction, compared with JNK3 WT (Figure 3c ). Consistently, enhancing the JNK3 palmitoylation by co-expressing PAT zD15 caused a 50% reduction of JNK3 in the Triton-insoluble fraction.
Wnt7a-induced axonal branching is modulated by JNK3 palmitoylation. The Wnt family member Wnt7a is expressed in the hippocampal formation. 31 It has been shown to modulate axonal development 15 and to activate the non-canonical JNK pathway, 16 raising the possibility that JNK3 palmitoylation may have a role in Wnt7a-induced axonal branching. We incubated five DIV hippocampal JNK3 palmitoylation regulates axonal development G Yang et al neurons with recombinant Wnt7a for 6 h and assessed endogenous JNK3 palmitoylation. 32, 33 Wnt7a treatment markedly reduced neuronal JNK3 palmitoylation to 50% of the untreated control, whereas the palmitoylation status of the total protein complements showed no obvious change (Figure 4a ). The Wnt7a treatment also caused endogenous JNK3 translocation to the Triton-insoluble cytoskeleton fraction (Figure 4b ). Incubation with Wnt7a for 48 h promoted axonal branching in neurons overexpressing JNK3 WT (secondary, 5.4 ± 0.3; tertiary, 2.4 ± 0.3; higher orders, 0.2 ± 0.1; total, 9.5 ± 0.7) or DsRed2 alone (secondary, 5.4±0.3; tertiary, 2.5±0.3; higher orders, 0.2 ± 0.1; total, 9.1 ± 0.5), compared with the untreated control (secondary, 3.5 ± 0.3, Po0.01; tertiary, 0.5 ± 0.1, (Figures 4c and d, Supplementary Table S1 ). However, Wnt7a stimulation did not further enhance axonal branching in JNK3 CS-transfected neurons (secondary, 6.1 ± 0.4; tertiary, 2.8 ± 0.3; higher, 0.4 ± 0.2; total, 10.3 ± 0.6) compared with JNK3 CS-transfected neurons without Wnt7a treatment (Figures 2c and 4c, d ). This suggests that overexpressing JNK3 CS stimulated the effect of Wnt7a on axonal branching and thus prevented any further enhancement when Wnt7A was administered. Next, we fused the prenylated and dual palmitoylated motif of paralemmin to the COOH-terminus of JNK3 CS to mimic a constant pseudo-palmitoylation on JNK3 (JNK3 Parlm). [34] [35] [36] The effects of Wnt7a on axonal branching were completely blocked in neurons overexpressing JNK3 Parlm (secondary, 2.8±0.2, Po0.01; tertiary, 0.5±0.1, Po0.01; higher, 0.0 ± 0.0, Po0.01; total, 4.3 ± 0.3, Po0.01) compared with WT treated with Wnt7a (Figures 4c and d) , suggesting that it is in fact JNK3 palmitoylation that modulates Wnt7a-induced axonal branching. Furthermore, overexpression of JNK3 Parlm was found to reduce axonal branching and total axon length in untreated neurons, compared with controls ( Figure 4e ). Together, these results indicate that rapid and dynamic palmitoylation of JNK3 may be an essential regulator of axonal development.
Discussion
Although the identification of JNK isoform-specific substrates has greatly improved our understanding of mechanisms underlying the differential roles played by JNK isoforms, 1, 17 much remains unknown about how JNK isoforms themselves are differentially regulated. Our results demonstrate protein palmitoylation as a novel isoform-specific mechanism for JNK3 regulation, and reveal a role of JNK3 palmitoylation in axonal branching in response to Wnt signals.
Based on previous studies, 1, 24 we assumed that JNK isoform-specific regulation may occur at regions unique to certain isoforms. We compared protein sequences of JNK isoforms. In the brain, Jnk1 and Jnk2 predominantly produce p46 and p54 isoforms, respectively, whereas Jnk3 produces an isoform at 49 kDa (Supplementary Figure S1) . 1, 37 The COOH-termini of the p54 isoforms of JNK2 and JNK3 are different from other isoforms, raising the possibility that this region may be manipulated by certain mechanisms for isoform-specific regulation. One and two Cys residues are found on JNK2 p54 and JNK3, respectively. We thus suspect that these isoforms may be modified by palmitoylation. By using metabolic labelling and point mutation analysis, we confirmed that JNK3 is a palmitoylated protein and both Cys residues are required for palmitoylation. In contrast, JNK2 p54, which contains only one Cys residue, is not palmitoylated. Interestingly, although JNK1 p54 has a COOH-terminal sequence similar to that of JNK3, JNK1 failed to be palmitoylated in our experiments. It has been noticed that palmitoylation is sensitive to variation in protein sequence and structure. 21, 23 Small differences of amino acids at the COOH-termini between JNK1 and JNK3, or different protein structures may account for their distinct palmitoylation status. However, we do not exclude the possibility that the JNK1 p54 isoform may be palmitoylated in cell types where JNK3 is absent or under certain circumstances. Indeed, a transition of roles for JNK isoforms has been observed in the brain after ischemic challenge. 38 Because products of the Jnk1 gene in neurons are primarily p46 isoforms that lack extended COOH-termini for palmitoylation, 39 JNK3 is therefore the major isoform that is palmitoylated under our experimental conditions. This novel JNK3 palmitoylation provides evidence for the idea that certain JNK isoforms may undergo other posttranslational modifications in addition to the extensively studied phosphorylation.
JNK proteins are ubiquitously distributed within the cell. In response to internal and external stimuli initiated from diverse origins, JNK is activated and transduces signals by phosphorylating its substrates found at various loci within the cell, such as c-jun in the nucleus, MAP2 on microtubules, paxillin on the actin cytoskeleton, Bcl2 in mitochondria, and others. 17 Given the simultaneous presence of JNK isoforms involved in different signalling pathways, mechanisms with isoform selectivity would be advantageous to precisely regulate JNK activity and to mobilize JNK isoforms to the appropriate cellular compartments. Protein palmitoylation may be one candidate mechanism. In neurons, palmitoylation has multiple effects on protein trafficking, lipid raft association and other protein functions. 20 Despite the prominent role played by JNK3 in the stress response, loss of palmitoylation neither affects JNK3 phosphorylation in response to stress nor changes its distribution in the nucleus and mitochondria, where JNK3 activates apoptosis pathways (Supplementary Figure S3 and data not shown) . Thus, JNK3 palmitoylation may not directly participate in regulating the JNK3-mediated stress response. Our data further suggest that palmitoylation is not involved in controlling lipid raft association of JNK3 (Figure 3a) . In fact, lipid raft association of unpalmitoylated JNK2 p54 and JNK1 p46 are normal. To our surprise, palmitoylation-deficient JNK3 CS shows an increase of translocation to the actin cytoskeleton, whereas promoting JNK3 palmitoylation by PAT zD15 reduces the translocation (Figure 3e ). This suggests a role of palmitoylation in regulating JNK3's association with the actin cytoskeleton. Whether palmitoylation of JNK3 also regulates its distribution on microtubules requires further investigation. Several proteins that bind to and modulate the actin cytoskeleton have been identified as JNK substrates, such as paxillin. 40 Our results provide a potential link between JNK3 palmitoylation and cytoskeleton modulation, but future research is needed to elucidate the underlying mechanisms.
Regulation of the neuronal cytoskeleton is essential for axonal development. 26, 30 In agreement with the potential role of JNK3 palmitoylation in actin cytoskeleton modulation, overexpression of palmitoylation-deficient JNK3 CS in hippocampal neurons results in more elaborate axonal branches (Figure 2) . Our results showing that filopodial motility, an actin-based process, 26 but not the density of filopodia is The rapid kinetics of JNK3 palmitoylation provides the possibility that JNK3 regulates these highly dynamic processes (Figure 1b) . Members of the Wnt family of proteins represent one group of prominent regulators of neurite development, which directly regulate cytoskeleton networks by recruiting JNK in the noncanonical Wnt pathway.
11, [14] [15] [16] The expressions of two Wnt members, Wnt7a and b, are substantial in hippocampal formation. 31 Previous studies have found that Wnt7a regulates axonal branching and remodelling, 15 whereas Wnt7b modulates the formation of complex dendritic arborization.
14 In response to Wnt7a signals, a decrease of endogenous JNK3 palmitoylation and an increase of JNK3 translocation to the actin-cytoskeleton fraction was observed (Figures 4a and b) , suggesting that depalmitoylation of JNK3 may participate in the Wnt7a signalling pathway for axonal development regulation. This is supported by our findings showing that JNK3 CS mimics and stimulates the effects of Wnt7a on axonal branching (Figure 4) . In this condition, overexpressing JNK3 CS may have hijacked endogenous pathways that are normally regulated by Wnt7a-induced JNK3 depalmitoylation. To test this hypothesis, it would be ideal to have a JNK3 that is irreversibly palmitoylated, as it may resist Wnt7a-induced depalmitoylation and thus stop downstream signalling pathways. A COOH-terminal motif of paralemmin which is irreversibly prenylated and dual palmitoylated has been shown to mimic constant palmitoylation on proteins. 35 This pseudo-palmitoylation is able to restore intracellular trafficking of the cytosol protein PSD-95 even in the presence of the palmitoylation inhibitor 2-BrPA. 34, 36 Overexpression of pseudo-palmitoylated JNK3 Parlm was able to completely abolish the effects of Wnt7a, indicating the involvement of JNK3 palmitoylation in Wnt7a signalling pathways for axonal development. Interestingly, Jnk3 À/À mice 4,5 and neurons overexpressing JNK3 WT (Figure 2) show normal axonal development. Only manipulations of JNK3 palmitoylation produce abnormal branching phenotypes (Figures 2b, c  and 4e ). Given that JNK1 and JNK2 have been shown to play a role in axonal development, it is thus possible that JNK pathways regulating axonal development are redundant. It is also possible that JNK isoforms may function differently under certain conditions. Our results suggest that JNK3 is not a constitutive mediator of axonal development, but may act as an important modulator of axonal development in response to upstream signals by palmitoylation. In sum, our findings reveal a novel isoform-selective mechanism underlying JNK regulation, and suggest a potential role of JNK3 in axonal branching.
Materials and Methods
Cell cultures and materials. All animal experiments were approved by the Animal Care Committee of the University of British Columbia. Primary cortical or hippocampal neuronal cultures were prepared from Wistar rats (UBC Animal Care Centre, Vancouver, BC, Canada) at embryonic days 18-19. Cultures were maintained in Neurobasal medium supplemented with B27 and 0.5 mM glutamax (Invitrogen, Carlsbad, CA, USA) as described previously. 22 For biochemical studies, cortical neurons were seeded in six-well culture plates with a density of 7.5 Â 10 Plasmids and antibodies. The cDNA of EGFP-tagged JNK3 (GFP-JNK3) was subcloned into pcDNA3, which served as the template for generating point mutations on JNK3 (JNK3 1CS, JNK3 2CS, JNK3 CS) with PCR. To create the JNK3 Parlm construct, 12 amino acids at the end of the COOH-terminus of the protein paralemmin [34] [35] [36] were inserted at the COOH-terminus of the pcDNA3 GFP-JNK3 CS construct. GFP-JNK1 and GFP-JNK2 expression constructs were created by cloning cDNA sequences into pEGFP-C1 and subcloned into the pcDNA3 vector. A PAT activity-deficient zD15 was created by point mutation of the Cys residue within the DHHC domain to Ser with PCR, and cloned into pcDNA3 to generate the expression construct. The vectors encoding myc-zD15, myc-zD20 and myc-zD23 were generously provided by Dr. Alaa El-Husseini. The GFP-JNK3 construct was a gift from Dr. Vsevolod V Gurevich. The primary antibodies used to detect JNK1, b-actin and caveolin-1 were obtained from Abcam (Cambridge, MA, USA). Anti-GFP was purchased from Sigma. Anti-Tau-1 was purchased from Millipore (Billerica, MA, USA). Purified IgG was supplied by Jackson ImmunoResearch (Baltimore, MD, USA). All other primary antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). Secondary antibodies were HRP-conjugated anti-mouse (Cell Signaling Technology), antirabbit (PerkinElmer), anti-GFP (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-myc (Invitrogen) and avidin (GE Healthcare, Piscataway, NJ, USA). Texas red (TR)-phalloidin, fluorescent Alexa 488-and Alexa 568-conjugated anti-mouse IgG1, IgG2a and anti-rabbit IgG were obtained from Invitrogen. H-palmitate metabolic labelling and Btn-BMCC labelling. To label palmitoylated proteins, 14 DIV neuronal cultures were incubated in Neurobasal medium containing 0.8 mCi/ml 3 H-palmitate for 3 h. 2-BrPA (100 mM) was added to the medium 2 h before labelling to inhibit palmitoylation. 22 For pulse-chase experiments, neuronal cultures were first labelled with 3 H-palmitate for 3 h, and then incubated for 4 or 6 h in conditioned Neurobasal medium supplemented with unlabelled palmitate (100 mM). JNK3 was then immunoprecipitated and incubated with or without 1 M HAM for 1 h at RT before analysis with SDS-PAGE. Btn-BMCC labelling was conducted as previously described. 22 Briefly, after incubating with N-ethylmaleimide to block free sulfhydryl groups on proteins, samples were either immunoprecipitated with anti-GFP or cleaned with Micro Bio-Spin6 Columns (Bio-Rad, Hercules, CA, USA). Purified precipitates or samples were treated with or without 1 M HAM and 1 mM Btn-BMCC (Pierce, Rockford, IL, USA) to label palmitoylation sites. The presence of Btn on JNK proteins was then analyzed by SDS-PAGE with HRP-conjugated anti-avidin.
Protein extraction and immunoblotting. The protocols for protein extraction have been described previously. 22 For immunoprecipitation, cultured cells were washed with ice-cold PBS, followed by incubation with 0.5 ml lysis buffer containing 50 mM Tris-HCl (pH 7.4), 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS supplemented with Complete Protease Inhibitor Tablets (Roche Applied Science, Indianapolis, IN, USA) and 1 mM PMSF. Lysates were precleaned by incubating with protein A-Sepharose beads (Roche Applied Science) for 1 h at 4 1C, followed by incubation with indicated antibodies (416 h at 4 1C) and protein A-Sepharose bead (2 h at 4 1C). Immunoprecipitates were washed three times with lysis buffer, boiled in 2 Â loading buffer with 1 mM dithiothreitol for 3 min, and analyzed with SDS-PAGE. For autoradiography, protein samples were separated by 8% SDS-PAGE and incubated with Amplify reagent (Amersham Biosciences, Sydney, NSW, Australia). Gels were dried under vacuum and exposed to Hyperfilm (Amersham Biosciences) with intensifying screens at À80 1C for 30-50 days. The relative intensities of the bands on autoradiograms and western blots were analyzed and quantified using Image J (NIH).
Immunostaining and laser microscopy. Cultured hippocampal neurons on glass coverslips were used for immunocytochemistry and time-lapse studies. Immunostaining was conducted as described previously. 22 For staining of the actin cytoskeleton, coverslips were incubated with TR-phalloidin in PBS for 1 h at RT. To assess axonal development, cultured hippocampal neurons were stained with antiTau-1 antibody. Coverslips were mounted with ProLong Gold Antifade Reagent containing DAPI (Invitrogen). Fluorescence was captured with a Â 60 objective affixed to an Olympus Fluoview 2000 confocal microscope (Olympus, Richmond Hill, ON, Canada) or using a Zeiss Axiovert 200 microscope (Zeiss, Toronto, ON, Canada). For time-lapse imaging, 6 DIV neurons transfected with the indicated constructs were mounted on a home-made chamber filled with Neurobasal medium (minus phenol red) and supplements at 30 1C. Images were captured at every 5 s over 150 s using a Â 60 oil immersion lens on a Zeiss Axio Observer Z1 microscope. All images were analyzed with ImageJ and processed using Adobe Photoshop.
Morphometric analysis. The tip number and length of axonal branches were quantified using ImageJ with NeuronJ add-on, after tracing axonal branches. The primary axon is defined as the longest continuous path from the somata. The secondary axons are defined as branches initiated from the primary axon, and so on. The terminal points of all axonal branches are defined as axon tips. To illustrate the motility of axonal filopodia, the differences in pairs of successive frames from 30 time-lapse images were extracted by ImageJ arithmetically. 26 The resulting 29 images were added up to generate a final image showing all the differences. A greater number of pixels represents higher motility. To quantify filopodia motility, the MI, which measures the areas that a filopodium occupies over time, was used as described previously. 26 Briefly, images were adjusted using a threshold throughout the entire time-lapse stack and then binarized. A total of 10 filopodia from each neuron were randomly chosen for further analysis. The areas that a filopodium occupied throughout the stack were measured and calculated using the formula: Cell fractionation. For isolation of the Triton-insoluble fraction, cells were washed with cold PBS and lysed with lysis buffer with 1% Triton X-100 for 5 min at RT. Cells were then scraped into a tube and homogenized by pipetting with a 200-ml tip. After centrifugation for 10 min at 13 000 g at 4 1C, the pellet was resolved with 1 Â SDS loading buffer and was defined as the cytoskeleton fraction. The same volume of samples from the supernatant and pellet fractions was then subjected to SDS-PAGE analysis.
Statistics. All values in text and figures are presented as mean±standard error of the mean (S.E.M.). Student's t-test or one-way ANOVA test was performed using Excel software (Microsoft). The limit of statistical significance was set at a P-value o0.05.
